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Two-electron charged self-assembled quantum dot molecules exhibit a decoherence-avoiding
singlet-triplet qubit subspace and an efficient spin-photon interface. We demonstrate quantum
entanglement between emitted photons and the spin-qubit after the emission event. We measure
the overlap with a fully entangled state to be (69.5± 2.7) %, exceeding the threshold of 50 % required
to prove the non-separability of the density matrix of the system. The photonic qubit is encoded in
two photon states with an energy difference larger than the timing resolution of existing detectors.
We devise a novel heterodyne detection method, enabling projective measurements of such photonic
color qubits along any direction on the Bloch sphere.
PACS numbers: 03.67.Hk, 73.21.La, 42.50.-p
Spins in optically active quantum dots (QD) exhibit
relatively short T ∗2 coherence times. Despite this strong
limitation, QDs stand out among solid-state qubit sys-
tems for their excellent optical properties that render
them promising for quantum communication tasks rely-
ing on a quantum interface between stationary (spin) and
flying (photonic) qubits. Recent experiments have used
this favorable feature to demonstrate coherent all-optical
spin manipulation [1], emission of entangled photon-
pairs [2, 3], spin-photon entanglement [4–6], teleporta-
tion from a photonic to a spin qubit [7] and heralded dis-
tant spin entanglement using QDs in Voigt geometry [8].
However, the magnetic field configuration to achieve effi-
cient spin measurement [9] is incompatible with the con-
figuration for coherent manipulation.
The moleclular states |S〉 and |T0〉 in optically ac-
tive quantum dot molecules (QDMs) in Faraday geome-
try emerge as a promising alternative effective qubit for
quantum information processing since (i) they exhibit a
decoherence-avoiding clock-transition that is insensitive
to fluctuations in both electric and magnetic fields [10],
(ii) the spin polarized triplet states (|T+〉 and |T−〉) of
the ground-state manifold exhibit cycling optical transi-
tions [11], and (iii) the qubit states exhibit equal cou-
pling strength to common optically excited trion states,
essential for maximal spin-photon entanglement. In this
letter, we experimentally determine the amount of en-
tanglement obtained from the spontaneous emission from
such an excited state.
S–T0 qubits in QDMs Our experiment is carried out
on a single InGaAs self-assembled QDM, consisting of
two QDs separated by a 9 nm GaAs tunneling barrier
along the growth direction [12]. The QDM is embedded
in a Schottky diode, formed by a semi-transparent metal-
lic top gate and an n-doped layer, which is used to control
the charge state of the QDM and the optical transition
energies vie the quantum confined Stark effect [13]. A
distributed Bragg reflector (DBR) below the doped layer
forms a weak planar microcavity together with the top
gate, enhancing the collection efficiency though a com-
bination of emission profile modification and Purcell ef-
fect [9]. Thanks to engineered confinement energies of
the two QDs, the QDM can be brought into the (1,1)-
regime [14, 15], where each QD is charged with a single
electron. In this regime, the singlet state (|S〉) is split
from the triplet states (|T0〉, |T+〉 and |T−〉) by the ex-
change splitting, which is gate-voltage tunable and has a
minimum value of J = 97 GHz in our device. The triplet
states are split by 15.5 GHz from each other by an exter-
nal magnetic field of 2 T that is applied along the growth
direction (Faraday geometry). The relevant level scheme
is outlined in fig. 1 (a). Under these conditions, |S〉 and
|T0〉 can be compared to atomic clock transitions that
are insensitive to both electric and magnetic field fluc-
tuations [10]. Coupling to the common optically excited
state |R+〉 (with equal oscillator strength) allows for co-
herent manipulation of the qubit [14, 15]. Spontaneous
radiative recombination of |R+〉 projects the joint-system
of the QDM and the optical field into an entangled state
|Ψ〉 = 1√
2
(|S〉 |ωb〉 − |T0〉 |ωr〉) , (1)
where |ωb〉 and |ωr〉 denote single-photon states with cen-
ter frequencies at ωb and ωr respectively, both of them be-
ing circularly polarized with the same handedness. The
relative phase of the state is fixed by the optical selection
rules.
Experimental setup Figure 2 shows schematically how
the experiment is set-up. The sample is held in a liq-
uid helium bath cryostat at about 5 K. A confocal mi-
croscope with NA=0.68 is used to direct ns-pulses from
tunable diode lasers to the QDM to manipulate the qubit
state and to read it out via detection of resonance fluores-
cence (RF). The laser pulses are linearly polarized, and
the RF is collected from the orthogonal linear polariza-
tion, such that all transitions couple to excitation and
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FIG. 1. (a) Spin states and optically excited states in the
(1,1) regime. In the state kets, single arrows denote electron
spins, double arrows denote hole spins. Spins denoted by
a red (blue) arrow are mainly located in the top (bottom)
dot, indicating that we optically excite only the top QD. The
transitions that are driven in this experiment are labelled with
the laser that drives it. init + is simultaneously resonant
with |T0〉 ↔ |R+〉 and |T+〉 ↔ |R++〉, while init is resonant
with |T0〉 ↔ |R−〉 and |T−〉 ↔ |R−−〉. They are used to
pump the spin into |S〉, as well as to measure population in
|T0〉. prepare excites |R+〉 from |S〉, as well as is used to
measure population in |S〉. rot T and rot S perform coherent
spin rotation, and are red detuned by ∆ from |T0〉 ↔ |R−〉
and |S〉 ↔ |R−〉 respectively. (b) The effective spin qubit is
made up of the states |S〉 and |T0〉. Decay from the excited
state |R+〉 projects the spin into an entangled state with the
photonic color qubit in the space spanned by |ωr〉 and |ωb〉.
detection equally well [16, 17], while reflected laser light
is suppressed by a factor of 106. Multiple Si avalanche
photo-diodes (APDs) are used to detect the emitted pho-
tons, and a time-digital converter (TDC) records the ar-
rival time of every photon.
Entanglement generation and verification Resonant
laser pulses are used to initialize the QDM into |S〉 via
optical spin-pumping [18]. To this end, we combine
the light of two lasers, one of which is resonant with
|T0〉 ↔ |R+〉 and |T+〉 ↔ |R++〉, the other is resonant
with |T0〉 ↔ |R−〉 and |T−〉 ↔ |R−−〉.
From |S〉, a 375 ps long resonant laser pulse prepares
the QDM in |R+〉. Spontaneous emission creates the en-
tangled state between the propagating photon and the
remaining spin-qubit in the |S〉–|T0〉 subspace.
To verify the entangled state, we estimate the overlap
of the post-emission state described by the density matrix
ρ with the entangled state |Ψ〉 as defined in equation (1),
FIG. 2. Schematic of the experimental setup. Abbrevia-
tions used are: PPG: Pulse pattern generator, TDC: time to
digitial converter, iEOM: electro-optic intensity modulator,
EOM: electro-optic phase modulator, FP: Fabry-Prot etalon.
Classical correlations and quantum correlations are measured
sequentially, the fiber of the corresponding photon-detection
setup is connected, the other is disconnected.
quantified by the state fidelity
F = Tr(ρ |Ψ〉〈Ψ|)
=
1
2
(ρSb,Sb + ρT0r,T0r)︸ ︷︷ ︸
F‖
+
1
2
(ρSb,T0r + ρT0r,Sb)︸ ︷︷ ︸
F⊥
.
(2)
The fidelity can be decomposed into two parts: F‖ quan-
tifies the amount of classical correlations between the
probabilities of finding each subsystem in a particular
eigenstate. F⊥ on the other hand is sensitive to the rel-
ative phase between the two parts of the state |Ψ〉 when
written in the eigenbasis, thus we refer to that term as
the quantum correlations. The state described by ρ gen-
erally is a mixture of pure states, such that F becomes
a convex mixture of the fidelity of each contained pure
state. Since no separable state has a higher fidelity than
1/2, observing a fidelity above that limit proves insepa-
rability of ρ [19].
Measurement of the classical correlations To estimate
F‖, we measure the correlations between the two sub-
systems in their eigenbases. To that end, we disperse
the photon from the entanglement pulse using a trans-
mission grating, split the two color components using a
fiber-bundle with two cores next to each other, and detect
it using a dedicated APD for each component.
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FIG. 3. (a): Solid lines: Histogram of coincidences between
spin detection in |S〉 state and photon color detected to be
|ωr〉 (red line) and |ωb〉 (blue line). Dotted lines: Expected
coincidence counts from individual detection rates, disregard-
ing spin measurement. The two photon colors have separate
vertical scales to account for the different sensitivities of the
two detection paths. (b): As (a), but spin detection in |T0〉
state. Both datasets were measured simultaneously, and are
histogrammed from 2.7× 1010 repetitions each, acquired over
a time period of about 12 h. (c) and (d): Dots and bars: Total
number of coincidence events between the beat-phase sensi-
tive photon detector and post-rotation measured spin in |S〉
and |T0〉 respectively, plotted against the relative phase be-
tween the photon detection and the spin rotation pulse. Ver-
tical lines denote 68 % confidence intervals derived from Pois-
sonian statistics. Shaded areas outside the interval [−pi, pi]
contain replicas of the data points displayed inside this inter-
val. Solid lines: Maximum-likelihood fit of a sinusoid to the
data. Both datasets were simultaneously fitted with a fixed
relative phase shift of pi, but individual mean and amplitude.
To measure the spin, we detect the scattered photons
from spin-selective RF [20], where either a laser pulse
resonant with |S〉 ↔ |R+〉 is used to detect the state
|S〉, or a combined two-laser pulse resonant with |T0〉 ↔
|R+〉 and |T0〉 ↔ |R−〉 is used to detect the state |T0〉.
Contrary to spin initialization, for spin measurement, any
one of the two lasers would suffice. However, that would
have required an additional EOM and a pulse-pattern
channel, neither of which were easily available.
Figure 3 (a) and (b) show the time resolved flu-
orescence measured by the spectrally filtered detec-
tors, conditioned on the observation of a photon dur-
ing the following spin measurement pulse. We nor-
malized the values using the relative overall sensitivity
of the two detection paths, which we determined sepa-
rately [21]. There is a strong correlation between the
spin and the detected photon color: P (b|S) : P (r|S) =
(90.1 : 9.9)±1.0 % and P (b|T0) : P (r|T0) = (10.2 :
89.8)±0.9 %. Errors are one standard deviation and
are derived from counting statistics. We take P (b) +
P (r) = 1 as well as P (S) + P (T ) = 1, valid if the
results are conditioned to the cases where a photon is
detected, and as long as optically forbidden transitions
are rare. From this, we can extract a lower bound to
the fidelity as F‖ = [P (b|S)P (S) + P (r|T0)P (T0)] ≥
min {P (b|S), P (r|T0)} = (89.4± 0.8) % since F‖ is a con-
vex mixture of the two conditional probabilities.
We attribute the reduction from perfect correlations
mainly to double excitation during the entanglement
pulse: The duration of the excitation pulse is compa-
rable with the exciton lifetime of about 400 ps, such that
emission events early during the pulse may loose the
correlation with the spin during subsequent excitation
events. Simulation of the optical Bloch equations sug-
gest between 5 % to 10 % double-excitation events.
Measurement of quantum correlations To determine
F⊥, we measure both the photon and the spin in a su-
perposition basis, where the basis states are lying on the
equator of Bloch spheres of the subsystems. Entangle-
ment between the systems then implies a sinusoidal de-
pendency of coincidence probabilities on the relative az-
imuthal angle between each system’s measurement ba-
sis [22].
To measure the photon in a superposition state of the
two colors, we need to detect the phase of the beat-note
at ωJ = 2pi · 97 GHz. This is faster than the timing reso-
lution of existing photo-detectors. We therefore employ
a heterodyne detection scheme: Using an electro-optic
phase modulator (phase-EOM) driven by a microwave
(MW) signal, we generate sidebands to each spectral
component of the incoming photon. The MW frequency
ωMW is close to ωJ divided by an integer; due to limi-
tations of our MW source, we chose ωJ/5. A free-space
Fabry-Prot etalon with a free spectral range of 200 GHz
and a bandwidth of 5 GHz allows us to single-out the
k = +3 sideband of the red photon simultaneously with
the k = −2 sideband of the blue photon. Hence, detec-
tion of a photon after the etalon corresponds to a projec-
tive measurement of the incoming photon in a superpo-
sition state whose phase is given by 5ϕMW, determined
only by the MW source. In the rotating frame of the
two-color photon, this phase rotates at a frequency of
5ωMW − ωJ ≈ 0, which can be chosen arbitrarily. It was
set to 131 MHz, such that the timing jitter of standard
Si-APDs does not affect the measured visibility.
To measure the spin in a superposition state, we ro-
tate the spin by pi/2 around a vector in the equatorial
plane of the Bloch sphere, and then measure the pop-
ulation in the |S〉 or |T0〉 states via RF detection. To
that end, we utilize a variation of the standard method
of ultrafast coherent optical control based on the optical
(AC-)Stark effect (see [23] and references therein): In-
stead of using a single ps pulse that is far-detuned from
both transitions, we use two quasi-resonant ns pulses de-
tuned by ∆ ≈ 10 GHz from the transitions |S〉 ↔ |R−〉
and |T0〉 ↔ |R−〉 to induce an energy shift to a coherent
superposition of the states |S〉 and |T0〉. In this case, the
azimuthal angle of the rotation vector is determined by
the relative optical phase of the two laser pulses, which
stays constant during the pulse in the rotating frame
4of the spin. To ensure a fixed phase relation over the
whole measurement time, we embed one of the two diode
lasers in a phase-locked loop (PLL), relying on the same
heterodyne detection method employed for the photon
measurement: The 97 GHz beat-note of the two lasers is
down-mixed via side-band generation and spectral filter-
ing, where the MW signal is derived from the same source
that drives the photon measurement. The resulting beat-
note of 131 MHz is then locked to a local oscillator (LO)
that is synchronized with the pulse sequence. While the
phase of the MW source ϕMW therefore determines the
azimuthal angle of both the photon measurement basis
as well as the spin measurement basis, the relative an-
gle between the two is only determined by the LO phase
ϕLO.
With this detection scheme, given an arbitrary joint
density matrix ρ, the probability to detect a coincidence
between the photon measurement and the spin measure-
ment is given by
Pcoinc ∝ 1 +R
[
eiϕLOρSb,T0r + e
2iϕMWρSr,T0b
+ eiϕMW (ρSb,Sr + ρT0b,T0r)
+ ei(ϕMW+ϕLO) (ρSr,T0r + ρSb,T0b)
]
.
By letting the MW source run freely, we average over
ϕMW, such that the modulation depth of the coincidence
rate with respect to ϕLO is a direct measure of F⊥. Fig-
ure 3 (c) and (d) shows the detected photon counts con-
ditioned on detection of a scattered photon during the
spin measurement, depending on the phase ϕLO. Fitting
the data by a sinusoidal function, we extract a visibil-
ity of (45.0± 3.3) % when the spin is measured in the
|S〉 state, and (49.0± 3.3) % when the spin is measured
in the |T0〉 state. Errors are one standard deviation
and are derived from counting statistics. Since the mea-
surement process can only make the visibility contrast
worse, the higher value of the two puts a lower bound on
F⊥ ≥ max {vS, vT0} = (49.5± 2.9) %.
This value is considerably lower than the ideal case
for perfect entanglement. A significant amount of vis-
ibility is lost due to the spectral filtering properties of
the Fabry-Prot etalon used in the phase-sensitive photon
detection setup, limiting the visibility of the F⊥ measure-
ment to about 84 %: The beating of neighboring pairs of
sidebands are out of phase by pi. Our FP etalon only
suppresses the neighboring pairs by a factor of 12 [24].
The limitation can be overcome by using higher finesse
FPs or higher MW frequencies. A further reduction of
the visibility is likely to be due to imperfections of the
spin-rotation pulse. (See supplementary material for a
detailed listing of all sources of error [25]).
Combining the two measurements, we obtain F =
(69.5± 2.7) %, where the error indicates one standard
deviation of uncertainty due to counting statistics.
To summarize, we have shown deterministic generation
of a photonic color qubit entangled with the QDM spin
qubit. Working with color qubits split by a large energy
separation was enabled thanks to our heterodyne quadra-
ture detection method, effectively erasing the energy sep-
aration. Since the |S〉–|T0〉 spin qubit can controllably be
furnished with a dipole, QDM’s promise to bridge the gap
between optical long-distance quantum communication
and quantum information processing in the solid state.
Possible candidates for coupling to the QDM dipole are
(a) the dipole of quantum-well exciton-(di-)polaritons in
planar microcavities [26], (b) the electric field of photons
in microwave cavities [27] and (c) phonons of microres-
onators via the piezoelectricity of GaAs.
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FIG. 4. Spectral sensitivity of photon detectors used in mea-
surement of classical correlations, relative to the sensitivity of
the detector used for spin measurement.
SUPPLEMENTARY INFORMATION
Spectral selectivity of the grating-filtered photon
detection
To measure the classical correlations, the color of the
photon has to be resolved. This has been achieved using
spectral filtering with the help of a transmission grating.
To that end, the collected light, after dividing using a
50:50 fiber-splitter for spin detection, is collimated into
a free-space beam of ∼10 mm diameter. The first or-
der diffraction generated by the transmission grating is
focused using a 250 mm focal length achromatic doublet
onto the facet of a multi-mode fiber bundle with two cores
separated by 105µm.
The sensitivity of that setup can be calibrated by
comparing the count-rate of the APDs connected to the
multi-mode fibers with the count-rate of the APD used
for spin measurement, while laser light of a known wave-
length is coupled into the setup. Figure 4 displays a full
spectrum obtained using this method. It indicates of a
suppression of more than two orders of magnitude. Thus,
the resulting probability for a wrong color assignment is
small enough to not significantly impact the measure-
ment of the classical correlations. As the response is
sensitive to the alignment of the free-space elements, the
ratio between the sensitivities for detection of a photon
at ωr and ωb was monitored during the measurement via
the magnitude of the residual laser-background during
the spin-measurement pulses. It was confirmed to stay
constant within the measurement accuracy of ±1 %.
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FIG. 5. Spectral sensitivity of the detector for the
superposition-basis photon measurement, relative to the sen-
sitivity of the detector used for spin measurement. The solid
orange line shows a fit based on the transmission model of a
200 GHz FSR Fabry-Prot etalon with a finesse of 200. The
vertical lines indicate the wavelength of the two color com-
ponents of the entangled photon, along with the sidebands
generated by the phase EOM.
Spectral selectivity of the Fabry-Prot etalon
The spectral response of the Fabry-Prot filter used in
the measurement of the quantum correlations has been
measured using using a tunable narrow band laser. It
is displayed in figure 5. Here, the suppression of the
next pair of sidebands separated by 19.4 GHz is only ∼12,
leading to a reduction of the visibility of the quantum
correlations of the order of 16 %.
Phase stability of the setup
The measurement of the quantum correlations can be
considered an interferometric measurement in the mi-
crowave domain. In this view, the goal of the experiment
is to measure the stability of the relative phase between
the emitted photon and the QDM spin. The phase refer-
ence for the spin is given from the phase of the beat-note
of the rotation pulse, which is locked to the MW phase
(up to a tunable phase given by the LO), which in turn
determines the phase of the photon measurement. The
precision up to which the phase relation between spin
and photon can be measured is determined by the phase
stability of the interferometer loop, which includes many
elements and is of the order of 30 m long.
We measured the stability of the whole interferome-
ter by using the photon-superposition detection setup to
detect light from the rotation lasers, reflected by the sam-
ple surface. The photon detection rate should vary sinu-
soidally with the LO phase. The visibility of the modula-
tion allows to determine a lower bound on the short-term
stability of the loop, while slow drifts in the phase offset
can directly be observed. The QDM was moved out of
7the focus to prevent any RF interfering with the measure-
ment. Over the course of 12 hours, the visibility stayed
constant at 82 %, but the phase offset drifted by 12°.
The limited visibility can have many reasons, among
them, the spectral selectivity of the Fabry-Prot etalon or
an imbalance between the powers of the two lasers par-
ticipating in the rotation pulse. Thus, the visibility is not
an independent measurement of the interferometer sta-
bility. On the other hand, the phase drift only depends
on the stability of the interferometer, but the loss of visi-
bility due to averaging over 12° is significantly below one
percent.
The phase stability of the laser phase lock at short
time-scales has been measured separately by comparison
of time-traces of the two inputs of the feedback controller;
the beat note as measured by the photo diode and the LO
reference. We determined an RMS error of 8° with a cor-
relation time of about 1 µs. This amounts to a reduction
of the visibility by approximately 1 %.
Spin-rotation fidelity and spin coherence
The spin-rotation pulse has a duration of 2.5 ns and
was placed with a delay of 3 ns to the entanglement pulse,
in order to prevent residual laser photons impacting the
photon measurement. Due to limited T ∗2 coherence, both
the pulse duration and the delay time lead to a decrease
of the quantum correlations. In a separate Ramsey ex-
periment, we determined a coherence time of 9 ns, with
an exponential decay of fringe visibility. Hence, dephas-
ing during the rotation pulse limits the visibility to 87 %,
while dephasing during the delay reduces the visibility to
71 %, leading to an overall visibility of 62 %.
The spin coherence could be prolonged significantly by
employing spin-echo. We measured several hundreds of
ns coherence time on this QDM under spin-echo. How-
ever, with the parameters of our rotation pulses, that
would require a 5 ns pulse, whose fidelity would again be
impacted by the T ∗2 time. In principle, our quasi-resonant
rotation pulses could be shortened down to a few hun-
dred ps, limited by the EOM bandwidth. To keep the
pulse-area constant, the pulse power would have to be
increased, which was not possible in our case. Instead,
ultrafast spin rotation could be employed [23], but in this
case, the large exchange splitting requires even higher
laser-powers, which proved to be problematic as well.
Estimation of imperfections
Arguably, all of the limitations described above and
summarized in table I are of technical nature that can be
overcome using improved methods and equipment. To-
gether, they account for nearly all of the reduced visibility
Imperfection %
Spin dephasing 29
Rotation pulse 13
Sideband suppression 16
Phase lock performance 1
Phase reference drift 0.2
Remaining visibility 52
TABLE I. Estimation of impact on measured quantum corre-
lation visibility of various imperfections
of quantum coherence in our measurements, suggesting
that the intrinsic entanglement fidelity is close to unity.
